Introduction
Tea is the second most frequently consumed beverage globally, with a consumption of approximately 43.8 L per year [1, 2] . It is prepared from the dried leaves of Camellia sinensis in non-fermented (green tea), semi-fermented (oolong tea) or fermented (black tea) forms.
Green teas, which account for ~20% of global consumption [3] , have well-established beneficial health effects, which are attributed to their polyphenolic contents, particularly contents of a subclass of flavanols the catechins [1] . Catechins are present in higher quantities in green tea than in other types of tea since they are degraded in the manufacturing processes involved in the production of black and oolong teas [4] .
In recent decades there has been intense interest in the beneficial health effects of green tea polyphenols. A number of studies have shown them to have antioxidant [5] , antibacterial [6] and anti-inflammatory [7] activities when ingested in the human diet. The consumption of green tea has also been associated with reduced risks of cancer [3, [8] [9] [10] [11] and cardiovascular disease [12] . Furthermore, flavanols are known to effectively lower plasma low density lipoprotein levels [13] . These effects have been attributed mostly to the polyphenolic compounds of tea, namely catechins, which represent about 70% of polyphenolic content of green tea [14] . Structures of five major isolated catechins from different green teas are shown in figure 1, 
including: (+)-catechin (C), (-)-epicatechin (EC), (-)-epicatechin 3-O-gallate (ECG), (-)-epigallocatechin (EGC), (-)-epigallocatchin 3-O-gallate (EGCG) and gallic acid
(GA) [15] .
Due to their array of biological properties tea polyphenols, particularly catechins, have attracted the interest of various nutritional researchers [16, 17] . To understand the processes mediating the beneficial health effects of green tea catechins in vivo it is essential to acquire information on their bioavailability, absorption and metabolism. Therefore, a number of studies have examined and described various aspects of the biotransformation of tea flavanols F o r P e e r R e v i e w 5 by human, mice and rat gut microflora [18] . For example, [19] detected the formation of two valerolactones after ingestion of radiolabelled compounds in rats and guinea pigs.
Valerolactones have also been identified as metabolites of catechins in human urine and plasma after oral ingestion of cups of green tea (1.2 g green tea powder in 300 ml hot water) [20, 21] . In addition, [22] observed these valerolactone metabolites after in vitro incubation of EGCG, ECG, EC and EGC for 24 h with a human fecal suspension. Other studies have demonstrated glucuronidation, sulfation and methylation of catechins in the liver, kidney, brain and gastrointestinal tract of rats and mice [18, [23] [24] [25] . Further, in a recently published study, more than 20 metabolites --glucuronides, methylated and ring-fission products --have been detected in human urine after ingestion of a green tea solution using HPLC-ESI-MS/MS [26] . In addition, [27] have investigated food matrix effects on the absorption and metabolism of catechins using samples from five ileostomy volunteers who had consumed a green tea extract. The most abundant metabolites found in the urine of these subjects were sulfates of catechin, epicatechin and their methylated forms. After ingestion of 200 mg green tea extract 43% of the ingested flavan-3-ols were recovered in ileal fluid. In another ex vivo study, tea catechins have been shown to be unstable in intestinal juice and buffered systems with pH >7.4, notably the concentration of catechins incubated in Krebs-Ringer buffer decreased by 80% within an hour [28, 29] .
The specific objective of the study presented here was to examine in detail the microbial metabolism and chemical stability of green tea-derived catechins (shown in figure 1 ) in the small intestine under experimental conditions. More specifically, tea flavan-3-ols were incubated with fresh ileostomy fluid (obtained from volunteers with terminal ileostomies) and the metabolites formed were identified and quantified using HPLC-DAD and HPLC-ESI-MS/MS. In addition, the microbiota and enzymatic activities of the ileostomy effluents were characterized. 
Subjects
Two females between 45 and 60 years old, both with a terminal ileostomy, donated ileostomy effluents voluntarily for this study. Both probands suffered from Crohn's disease, without any involvement of the ileum and had undergone colectomy (with no surgical ileal resection) several years prior to the study, but were otherwise healthy.
A leaflet was given to both probands, asking them to avoid consuming food such as tea containing EC, EGC, EGCG, ECG, C and GA for 48 h before their ileostomy bag was [30] , and filtered through a strainer to remove particles. The resulting filtrates were designated ileal preparations A and B, respectively, and used for the incubation experiments (see below).
Chemicals

Preparation of ileal fluids
Incubation conditions
Portions ( and 24 h at 37 °C. The microbial reactions were then stopped by placing the tubes in liquid nitrogen. As controls, samples with carrier (10 µl DMSO) and human inoculum but no test substance, and others with test substances (C, EC, ECG, EGC, EGCG and G) but no inoculum (stability controls) were also prepared and treated in the same manner. In addition, the stability of each substance in carbonate-phosphate buffer without inoculum under anaerobic conditions was evaluated following the above protocol. Each incubation experiment was performed in triplicate. 
Sample preparation
HPLC-DAD data analysis
All samples were analysed using a Hewlett-Packard 1090 HPLC station equipped with a photodiode array detector (DAD) (Waldbronn, Germany) and a 4.6 x 250 mm, 5 µm particle To establish degradation rates for each substance, in µmol/h, a tangent was drawn through the inflection points of the degradation curves obtained from analyses of samples incubated for various times, as described above, and a linear equation was fitted to it [31] . 
HPLC-ESI-MS/MS data analysis
To identify flavan-3-ols and their corresponding metabolites a HPLC-ESI-MS/MS system with a SCIEX API 3200 MS/MS spectrometer equipped with an ESI interface (Applied Biosystems, Darmstadt, Germany), and a Jasco PU-980 pump (Groß-Umstadt, Germany) was used. The chromatographic system, including the column, mobile phase gradient, flow rate and injection volume, were all the same as in the HPLC-DAD analyses described above. MS analyses of eluting substances were carried out in negative ion, full-scan (100 to 900 atomic mass units) mode with a total scan duration of 1.0 s. Following optimization of the ionization, by infusing (-)-epicatechin with a syringe pump, the capillary temperature was set at 450 °C and the spray capillary voltage at -4.5 kV. Nitrogen was used as curtain gas (25 psi 
Api ZYM Tests
Api ZYM Test strips (Biomérieux, Lyon, France) were inoculated and incubated according to the manufacturer's instructions. Briefly, 2 ml of fresh ileal fluid from each proband was mixed with 4 ml distilled water, centrifuged at 2.000 rpm for 2 min, then each microcup of a test strip was inoculated with 65 µl of the resulting supernatant. The test strips were closed and incubated for 4 h under anaerobic conditions at 37 °C. After the incubation one drop of each of the two API reagents A and B were added to each microcup. Within 5 min colour 
Microorganism Diagnostics
In order to characterise the microbiota in the ileal fluids we sent cooled (+4°C) ileostomy samples from each volunteer to an accredited laboratory (L+S AG, Bad Bocklet, Germany) to determine the abundance of specific classes of microorganisms in them using standard aerobic and anaerobic cultivation techniques.
Results
In order to imitate the anaerobic metabolism of the flavan-3-ols (C, EC, ECG, EGC, EGCG)
and GA in the upper gastrointestinal tract, an ex vivo model simulating passage through the small intestine was used, in which the studied compounds were incubated for up to 24 h under anaerobic conditions with inocula from the ileostomists. Samples were drawn at 30 min, 1, 2, 4, 6, 8, and 24 h then extracted and analyzed by HPLC-DAD to quantify the parent compounds and metabolites, and by HPLC-ESI-MS/MS to confirm their identities.
Stability of the compounds in the carbonate-phosphate buffer
The stability of each studied compound in the absence of ileostomy fluid was evaluated by incubating them in anaerobic carbonate-phosphate buffer solution for 24 h and analyzing the solution at various time points. No degradation of C, EC, ECG, EGC, EGCG or GA was observed within the first 8 h of these incubations (data not shown). To determine the flavanol recovery rates provided by the sample preparation procedure, lyophilized inocula from probands A and B were spiked with 25 mM of the studied compounds, subjected to the procedure and then analyzed in the same manner as the samples.
Recoveries of the flavanols from lyophilized inoculum
The recoveries of the incubated substances are shown in table 1.
Degradation of green tea catechins in human ileostomy fluid
Degradation rates of the green tea catechins (summarised in table 2) were consistently lower when incubated with the ileostomy preparations from proband A than with those from proband B. The fates of the specific catechins are described in more detail in the following sections. figure   1 ).
ECG.
In the presence of ileal preparations from both probands the level of the degradation product EGC rapidly rose in the first 2 h. However, with preparation A it subsequently declined, while in the presence of preparation B it remained roughly constant for the following 22 h. In addition, GA levels peaked after 4 h then gradually declined during the following 20 h in the presence of preparation B, while they rose to a much lower maximum after 2 h with ileal preparation A then remained roughly constant. After 8 h incubation traces of the degradation products of EGC pyrogallol and 3',4',5'-trihydroxyphenyl-γ-valerolactone were detectable by GA. GA was degraded at similar rates by the preparations from probands A and B (0.022 and 0.051 µmol/h, respectively), continuously during the 24 h incubations (figure 7), and at the end of the incubations approximately 12% of the initial concentrations were still detectable in both cases. However, we would specify the time periods for which the rates apply, because it would be impossible for the final concentrations to be so similar if the rates diverged so much 
HPLC-ESI-MS/MS (data not shown).
Glycosidase activity of the ileal microflora
The glycosidase activity of the microflora in the ileostomy fluids was assayed by incubating 
Analyses of the ileal fluids
Since the pH is also an important factor for the stability of catechins in the ileostomy fluid, it was determined before all experiments and was found to be consistently between 6.08 and 6.24. In addition, characterisation by a commercial laboratory (L+S AG, Bad Bocklet, Germany) showed there were significant differences in the microbial flora of the ileal fluids of the two probands in terms of concentrations of fungi and bacteria (anaerobic and aerobic) (see table 3 ). However, both preparations were able to cleave 2-naphthyl caprylate, according to the Api Zym tests. Heating of fresh ileostomy fluid to inactivate the intestinal microflora significantly reduced the degradation of the compounds under study. which is associated with an increase in monoterpene alcohol [32] . Due to this fermentation process 60 to 80% of green tea catechins are transformed into theaflavins, thearubigins and other epimerization products as reported by literature [33, 34] .
Discussion
Despite our ex vivo findings of catechin degrading activities and observations of cleavage of the gallate moieties of EGCG and ECG in ileal fluids, in a study where five volunteer ileostomists ingested 300 ml portions of a solution of a green tea extract (Polyphenon E) [27] found that some catechins, mainly EGCG, reach the colon of healthy humans. In addition,
cleavage of the ester bonds of galloylated catechins by intestinal microbiota has been observed in incubations with the caecum of freshly slaughtered pigs [35] . However, [36] found that 31% of ingested green tea flavanols were absorbed in the small intestine and preceding parts of the gut in the 24 h following ingestion. Furthermore, a microbial esterase activity has been detected in human saliva [37] and observed in our assays by cleavage of the substrate 2-naphthyl caprylate in the Api ZYM tests. Therefore, microbial esterase activity was presumably responsible for the cleavage of ECG and EGCG during our incubations, which were intended to simulate passage through the small intestine. Overall, the findings of However, extensive bacterial degradation of catechins may also occur in the colon. Meselhy and coworkers [22] incubated tea catechins with a human fecal suspension, and most of the incubated catechins (EGCG, ECG, EC, EGC) were metabolized to 3',4',5'-trihydroxyphenyl-
and other metabolites. Two of these substances (3',4',5'-trihydroxyphenyl-γ-valerolactone and 3',4'-dihydroxyphenyl-γ-valerolactone) have also been detected in our studies and by other groups in human urine and blood after tea ingestion [20, 21, 38] . These metabolites have also been observed (presumably due to microbial metabolism) following oral administration of EC, EGC and GA in human plasma and urine, as well as rat and mouse tissues, by [39] .
The formation of GA and further degradation to pyrogallol in incubations of EGCG and ECG with human fecal suspension have also been described [22] . However, our findings indicate that some formation of GA and further metabolism to pyrogallol (at least) occurs by the end of the small intestine since low amounts of pyrogallol were detected following our incubations with ileal fluids. These divergences from previous findings may be due to the rapid autoxidation of pyrogallol in the presence of oxygen during sample preparation [40] . All metabolites we identified are shown in figure 8 .
Due to the substantial differences in the degradation rates observed in the incubations with ileal preparations of probands A and B, the microbiotic flora of the ileal fluids were examined (table 3) , and substantial differences in their fungal and bacterial (anaerobic and aerobic) populations were observed.
Furthermore, glycosidase activity assays showed that the p-nprha degradation rate was much higher in the inoculum from proband B than in the inoculum from proband A, providing further indications of microbiological differences between them. Values are means of threefold determinations ± SD. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 
